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THE TITRIMETRIC DETERMINATION OF PLASMA FATTY ACIDS! 


By Epovarp PaGé AND LORAINE MICHAUD 


Abstract 


A method is described for the determination of total fatty acids in small 
amounts of blood plasma. The plasma lipids are extracted in an alcohol- 
acetone mixture. Following saponification and hydrolysis, the fatty acids from 
an aliquot of their benzene solution are dissolved in alcoholic thymol blue and 
titrated with tetramethyl ammonium hydroxide as recommended by Schmidt- 
Nielsen. The method is applicable to the study of alimentary hyperlipemia 
in rats. 


Introduction 


The micromethod of Schmidt-Nielsen (8) for the determination of tissue 
lipids has been advocated by Frazer (5) for measuring blood fatty acids. 
Repeated attempts in this laboratory at adapting this method to such a 
purpose have failed. It has been found impossible to obtain a satisfactory 
dispersion of the precipitated proteins in the small amount of solvent per- 
missible with the sealed capillary tubing used throughout this method. 
However, titration of minute quantities of fatty acids with tetramethyl 
ammonium hydroxide, as recommended, proved very satisfactory. We there- 
fore directed our efforts at devising a simple procedure for extracting blood 
lipids without unnecessary wastage of the small blood samples collected. 
The method described below makes it possible to measure with reasonable 
accuracy plasma fatty acids in 0.1 ml. of whole blood or less. 


Experimental 


The method is derived from those of Bloor, Pelkan, and Allen (2), Stoddard 
and Drury (10), Smith and Kik (9), and Schmidt-Nielsen (8). It can be 
summarized as follows: the plasma is extracted with an alcohol—acetone 
mixture as suggested to us by Ellis (4) and the precipitate is washed with hot 
alcohol followed by petroleum ether. The combined filtrates are collected in a 
small volumetric flask. The lipids are saponified with potassium hydroxide 
by evaporating the solvents on a water bath in an atmosphere of 
nitrogen. The fatty acids are liberated with hydrochloric and dissolved in 


1 Manuscript received May 30, 1951. 
Contribution from the Département de Physiologie de la Nutrition, Institut de Biologie 
Humaine, Université Laval, Québec, P.Q. Aided by a grant from the Defence Research Board 
and by a scholarship to the junior author from l’Office Provincial des Recherches du Québec. 
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hot benzene. After cooling, the flask is filled to the mark with additional 
benzene. An aliquot is taken, evaporated to dryness, and the fatty acids 
redissolved in alcoholic thymol blue. The solution is then titrated with 
tetramethyl ammonium hydroxide (N(CH;),OH) using a micrometer burette. 

In all the determinations reported here, the plasma transferred to the 
alcohol—acetone mixture for extraction was measured gravimetrically as 
described below. While not strictly accurate, the procedure has the advan- 
tage of eliminating the extra manipulations and waste of material involved 
in the use of micropipettes. However, any other method of measuring the 
blood, serum, or plasma to be extracted would be equally applicable. 

We prefer using heparinized blood because certain phospholipids are said 
to be carried with the coagulum when the blood is allowed to clot. Man 
and Gildea (7) further report obtaining higher fatty acid values with hepar- 
inized than with oxalated blood. Boyd and Murray (3) likewise found heparin 
particularly suitable. It is also used by Smith and Kik (9). 

With regard to the use of solvents, the alcohol—acetone mixture appeared 
to give a finer division of the precipitated proteins than the usual alcohol—ether 
mixture. This may be due to its greater miscibility with water. No effort 
was made, however, to demonstrate any superiority of one solvent mixture 
over the other. Benzene was used for extracting the free fatty acids so that 
an accurate aliquot could subsequently be pipetted from the total volume. 


TABLE I 


QUANTITATIVE RECOVERY OF CORN OIL FATTY ACIDS AND OF PALMITIC ACID 
ADDED TO BLOOD PLASMA 


. Titer of Titer of Theoretical 
Plasma plasma + added F.A. titer of 
sample | P (ul.) cea added F.A. | (by difference) | added F.A. F.A. (%) 
(ul.) (ul.) (ul.) 


A 45.5 36.2 20.7 19.9** 104.0 
B 17.4 36.5 19.1 19.9 96.0 
Cc 20.4 39.2 18.8 19.9 94.5 
Palmitic acid 
A 13.0 31.8 18.8 20.5*** 91.7 
B 11.5 31.4 19.9 20.5 97.1 
"3 20.6 40.3 19.7 20.5 96.1 
D 22.6 43.0 20.4 20.5 99.4 


* For a volume of plasma equal to that used with added corn oil or palmitic acid. 


** Average from three determinations of equal volumes of oil solution saponified alone and 
giving titration values of 19.3, 19.9, and 20.4 ul., respectively. 


*** Average from three determinations of equal volumes of palmitic acid solution extracted 
alone and giving titration values of 20.0, 20.5, and 21.0 yl., respectively. 


Corn oil fatty acids 

| | 
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More volatile solvents evaporate enough in the course of such a procedure that 
the solute is appreciably concentrated. This leads to erroneously high results. 

Although fatty acids can be titrated directly in a benzene solution, we 
found it difficult to appreciate the endpoint with the volume at hand (4 ml.) 
and we preferred evaporating to dryness and taking up in a smaller volume 
(1 ml.) of alcoholic thymol blue. We used tetramethyl ammonium hydroxide 
for titration in preference to potassium hydroxide because of the instability of 
the latter and because the carbonate salts of the former are alcohol—soluble (6). 
Accuracy of the Method ° 

Table I shows the quantitative recovery of small amounts of corn oil fatty 
acids when the oil was saponified simultaneously with plasma. Titration 
values for the oil alone correspond to a saponification number of 200 which 
is slightly higher than the range given in the Handbook of Chemistry and 
Physics (187-192). Recovery of palmitic acid added to the plasma in the 
alcohol—acetone mixture is also indicated in Table I. 

Successive determinations on the same plasma and random values in man 
and rat are shown in Table II. The values for man are of the same order as 
those of Bauer (1), while those for the rat are distinctly lower than the ones 


reported by Smith and Kik (9). An alimentary lipemic curve in rats is 
illustrated in Fig. 1. 


I. 
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Fic. 1. Alimentary lipemia in rats given 0.1 ml. of corn oil per sq. dm. of body surface 
following a 23 hr. fast (average of seven animals). 
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TABLE II 
FATTY ACID CONTENT OF HUMAN AND RAT BLOOD PLASMA 
(Random values) 
m.e./l. mgm./100 ml. 
Human subjects: 
E.P.(fasting values on different days) 12.3 341 
11.4 316 
11.3 313 
L.M. (nonfasting) 10.9 302 
C. (nonfasting) 10.6 294 
Rats: 
One sample in quadruplicate 7.25 201 
7.27 202 
7.05 195 
7.33 203 
Nonfasting rats Pa 219 
8.0 222 
9:7 269 
12.4 344 
Fasting rats (average of 14 determinations) 6.93 +0.30 192 + 8.38 
Determination of Plasma Fatty Acids 
Reagents 

1. Heparin (1000 units per ml.). 

2. Alcohol—acetone mixture, equal parts of each. 

3. Potassium hydroxide, 30% in water. 

4. Hydrochloric acid, 25%. 

5. Thymol blue, 0.01% in absolute alcohol. The solution is partly neutral- 
ized with N(CH;),OH, 0.02, so that complete neutralization is reached with 
the further addition of about 0.8 yliters of the base per ml. of alcoholic thymol. 

6. Absolute alcohol. 

7. Petroleum ether (B.P. 20°-40° C.). 

8. Pure benzene. > 

9. Tetramethyl ammonium hydroxide, 0.02 N in absolute alcohol. 
Special Equipment 

1. Melting point tubes, O.D. 1.5-2.0 mm., about 68 mm. long. ; 


2. Microboiling flasks, 5.0 ml., or test tubes of the same capacity with a 
diameter of 12 mm. 


3. Volumetric flasks, glass stoppered, 5 ml. 
4. Burette funnels, diameter 25 mm. 
5. Beakers, 5 ml. 


6. Micrometer burette, capacity 0.1 ml., each scale division corresponding 
to 0.0001 ml. (can be procured from Emil Greiner, N.Y.). 
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Extraction of Total Lipids 


Melting point tubes are heparinized by drawing a drop of heparin solution 
into one end of the tube and shaking it out through the other. Blood obtained 
by peripheral bleeding is drawn directly by capillarity into the still moist 
tube until it reaches to about 10 mm. of the distal end. The latter is flame- 
sealed and the blood is centrifuged.* The tube is cut with a small file near the 
interphase of the cells and plasma. The part containing the plasma is seized 
with a small forceps and placed horizontally on a small horseshoe-shaped 
holder resting on the pan of an analytical balance. The whole is weighed 
and the plasma is then blown (without dipping the tube) into 2 ml. of the 
alcohol—acetone mixture contained in a microboiling flask or a small test tube. 
(For blowing the plasma out of the tube as completely as possible, we have 
used a size 26 hypodermic needle cut to a length of 5 mm. and pushed through 
a thin rubber washer. The tip is inserted into the dry end of the capillary 
tube and one blows through a short length of rubber tubing connected to 
the needle.) The emptied capillary tube is immediately reweighed and the 
weight of the plasma obtained by difference (1 mgm. is assumed to correspond 
to 1 wliter). The alcohol—acetone mixture is brought to boiling over a steam 
bath while being stirred constantly with a steel pipette probe. The solution 
is then rapidly poured in a funnel fitted with a pea-size plug of absorbent 
cotton in the stem for filtering, the funnel being placed over a 5 ml. volumetric 
flask. The boiling flask and funnel are then washed successively with a 1 ml. 
portion of boiling alcoho! and two similar portions of petroleum ether. The 
latter evaporates so quickly that the final volume of the filtrate is about 4 ml. 


Saponification and Extraction of Fatty Acids 


Exactly 0.1 ml. of potassium hydroxide is added to the filtrate and the 
solution is evaporated over a steam bath until the last trace of alcohol has 
been removed. To hasten evaporation and to minimize the risk of oxidation, 
a stream of nitrogen is continuously directed at the solution through a capillary 
tube protruding in the neck of the flask. Following saponification, the flask 
is cooled and exactly 0.2 ml. of hydrochloric acid is added. The flask is 
placed in hot water and swirled, after which about 2 ml. of benzene are added. 
The flask is again immersed in hot water and rotated to wash down the walls 
with the benzene. After cooling, the flask is filled to the mark with additional 
benzene, stoppered and shaken vigorously. It is then centrifuged for one 
minute to free the walls from water and potassium precipitate. The samples 
may be left overnight at this stage. 


Titration 
The content of the flask is carefully decanted in a 5 ml. beaker with the 
exception of the water layer (0.3 ml.) and a small amount of benzene. A 


4 ml. aliquot is immediately pipetted into a 5 ml. test tube and the benzene 
is evaporated to dryness on the steam bath and under a stream of nitrogen. 


* Since completing this paper we have obtained agree yt results with blood serum. The 
blood is allowed to clot in the capillary tube and is centrifug 


some twenty minutes after collection. 


244 CANADIAN JOURNAL OF MEDICAL SCIENCES. VOL. 29 


Exactly 1 ml. of alcoholic thymol is added, care being taken to wash down 
the walls of the flask with the alcohol. The tube is then placed under the 
burette with the tip of the latter below the surface of the liquid. A fine stream 
of CO,-free air is bubbled through the solution for a full minute before titrating 
as well as during titration with tetramethyl ammonium hydroxide. The 
endpoint is reached when the indicator changes from a bright yellow to a 
persistent yellowish-green tinge. A stoppered control tube containing one 
ml. of the acid alcoholic thymol is placed in permanence next to the solution 
being titrated. This has proved more satisfactory than adjusting this control 
indicator at the color of the endpoint since this color deepens on standing. 
To avoid contamination of the titrating solution with carbon dioxide, it is 
kept in a bottle fitted with a siphon and a CO,-absorption tube. A fresh 
quantity is drawn for each filling of the burette. The solution is calibrated 
weekly with an alcohol-thymol solution of pure palmitic acid 0.02 N. 

Blank runs using all reagents are made daily and the titration values obtained 
are of the order of 1.0 wliters. Net titration values for plasma samples vary 
between 10 and 50 wliters. (100 to 500 scale divisions on the micrometer). 


Calculation of Results 


Since 4.0 ml. of benzene are taken out of a total volume of 4.7 ml., the net 


titration values are multiplied by 1.175. The m.e. of fatty acids per liter of 
plasma are calculated as follows: 


m.e./lite = 1.175 Xk V X N X 1000 
W 


where V = net titration value in wliters, N = normality of N(CH;),OH and 
W = weight of plasma in mgm. To express the results in mgm. of fatty 
acids per 100 ml. of blood, multiply m.e./liter by 27.72, the average molecular 
weight of blood fatty acids being 277.2 according to Stoddard and Drury (10). 


References 

1. Bauer, F. C., Jk. and Htrecu, E. F. Arch. Biochem. 20: 242. 1949. 

2. BLoor, W. R., PELKAN, K. F., and ALLEN, D. M. J. Biol. Chem. 52:191. 1922. 

3. Boyp, E. M. and Murray, R. B. J. Biol. Chem. 117 : 629. 1937. 

4. Ettts, Gorpon, H. Personal communication. 

5. Frazer, A.C. Brit. J. Nutrition, 3:358. 1949. 

6. KRETCHMER, N. J. Am. Oil Chemists’ Soc. 25 : 404. 1948. 

7. Man, E. B. and Gitpega, E. F. J. Biol. Chem. 99 : 43. 1932-33. 

8. ScumipT-NIELSEN. Compt. rend. trav. lab. Carlsberg. Ser. chim. 24: 233. 1942. 

9. Smiru, M. E. and Kix, M.C. J. Biol. Chem. 103 :391. 1933. 

10. StopparD, V. L. and Drury, P. E. J. Biol. Chem. 84: 741. 1929. 


| 


245 


THE EFFECT OF INTRAVENOUSLY INJECTED CITRATE ON THE 
SERUM IONIZED CALCIUM IN THE RABBIT! 


By MurRRAY SAFFRAN AND ORVILLE F. DENSTEDT 


Abstract 


The effect of intravenously injected citrate solution, in various amounts and 
at different rates of administration, on the calcium ion concentration of the 
plasma was studied in the rabbit. The concentration of calcium ions was 
measured by means of the frog heart preparation. The rabbit is capable of 
rapidly clearing and disposing of large amounts of citrate. No effect on the 
calcium ion concentration of the blood could be demonstrated except when a 
concentrated solution of citrate was injected sufficiently rapidly to produce con- 
vulsions. Even under these conditions the calcium ion concentration in the 
blood was rapidly restored and usually a complete recovery was made within 
five minutes. Citrate is readily utilizable in the body. 


The use of sodium citrate as an anticoagulant for blood was first reported 
by Pekelharing in 1892 (24). Not until 22 years later, however, was citrated 
blood used experimentally for transfusion in the human. The first trial was 
made in 1914 by Agote (2) in Buenos Aires, with complete success. In the 
following year Weil (35) initiated the clinical use of the new method in the 
United States. Contributing to these important advances also were Hustin 
(10) in Belgium, and Lewisohn (14) in the United States, whose investigations 
in 1914-1915 provided a sound scientific basis for the clinical use of citrate. 
Lewisohn (14, 15) found that 0.2% of sodium citrate in blood constitutes an 
effective and nontoxic concentration for transfusion. He demonstrated, 
further, that the toxicity of citrate varies with the rate of infusion, and he 
estimated that about 5 gm. of the salt would have to be injected rapidly into 
the circulation of an average-sized man to prove fatal. This amount is far 
in excess of the concentration used in blood for transfusion. 


From time to time, citrate has been suspected of being a cause of trans- 
fusion reactions. However, with the advances in knowledge of the blood- 
group incompatibilities and the hazards of pyrogenic contamination of solutions 
and equipment, citrate has been cleared of many of the accusations levelled 
against it in the past. The increasingly widespread clinical use of blood, 
especially during the past 15 years, has firmly established citrate as a highly 
satisfactory anticoagulant for blood transfusion. 


Uncertainty has persisted, on the other hand, concerning the safety of the 
continuous administration of citrate by vein over a fairly long period of time 
(1, 5, 11, 20, 27, 38). This question was revived during World War II when 
the infusion of plasma became the established practice for the prevention of 
shock following trauma. Particularly in the treatment of severely burned 


1 Manuscript received April 16, 1951. 


Contribution from the Department of Biochemistry, McGill University, Montreal, Que. 
This study was carried out by M.S. in 1946 as partial fulfillment of the requirements for the — 
of Master of Science. The results of the investigation were reported, in part, at the Annual Con- 
ference of the Canadian Physiological Society in London, Ont., on October 25, 1947. 
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patients it was sometimes necessary to continue a slow infusion of plasma for 
several days. In extreme cases as much as 16 liters of plasma, representing 
about 50 gm. of citrate has been administered. The extensive and highly 
successful clinical use of citrated whole blood and plasma during, and since, 
World War II has proved beyond doubt that the great majority of persons, 
even under the stress of severe trauma or disease, are capable of utilizing or 
disposing of large amounts of citrate when it is administered slowly. Allen 
and colleagues (3) have further demonstrated this in their study on the 
transfusion of massive volumes of citrated whole blood and plasma. 


Less is known about the capacity of the human body to cope with citrate 
when rapidly injected. This problem is of concern during exchange trans- 
fusion in infants, and when citrated blood, or plasma, is administered under 
pressure. When the practice of exchange transfusion was still in the experi- 
mental stage, three or four years ago, tetany and other toxic effects of citrate 
overdosage were frequently encountered, and the necessity of administering 
calcium periodically during the transfusion soon became apparent (36). 


The pharmacologic effects of citrate overdosage are analogous to those of 
hypocalcaemia, but are caused by the reduction of the concentration of 
calcium ions rather than of the total calcium. The total calcium level in the 
blood, following the injection of citrate, usually remains normal or may even 
be increased. Citrate reduces the calcium ion concentration of the plasma 
by forming a soluble, but weakly ionized complex, with calcium (8, 9, 18, 20, 
30, 34). A deficiency of ionized calcium tends-to increase the irritability of 
muscle, and, if the state is prolonged for more than a few seconds, may produce 
tetany, convulsions, or cardiac failure. 


The formation, metabolism, and excretion of citric acid have been discussed 
by numerous authors (4, 6, 7, 12, 13, 17, 21, 22, 23, 25, 26, 29, 31, 33, 37). 
Citrate is metabolized by most tissues, notably kidney cortex (7), liver (26, 31), 
and muscle (33),and it is stored in the bone (6). Also it is readily concen- 
trated and excreted by the kidney. 


Salant and Wise (29) in 1916, with the relatively unspecific method available 
at that time, were able to show that the recovery from the toxic effects of 
citrate was attributable chiefly to the rapid metabolism of the substance rather 
than to its excretion in the urine. Following the intravenous injection of a 
relatively large dose of sodium citrate, only 12% of the dose was recovered in 
the urine in the rabbit, 30% in the cat, and 40% in the dog. 


When citrate is administered intravenously, subcutaneously, or by mouth» 
the greatest portion of it is oxidized to carbon dioxide and water (7, 37): 
Some may be converted to glycogen (17, 37), or, at least it favors the deposition 
of glycogen in the liver; another portion may be deposited as such in the 
tissues, particularly in the bones, and still another portion may be excreted 
in the urine, depending on the size of the dose and the form in which it was 
given. Moss (21), in our laboratory in 1941, found that the deposition of 
citrate in the bone in the rat was greatest after oral administration of sodium 
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bicarbonate and in progressively smaller degree by potassium citrate, sodium 
citrate, and citric acid respectively. Moss observed, further, that the admini- 
stration of citric acid favored glycogen deposition, while the sodium salt 
increased the excretion in the urine. 

The fate of injected citrate in erythroblastotic infants, treated with exchange 
transfusion, has been studied by Wexler and his associates (37). They showed 
that although the ability of these infants to dispose of citrate was somewhat 
impaired, they were still capable of removing substantial quantities of injected 
citrate from the blood stream. These workers observed also that in severely 
erythroblastotic infants the citrate level of the plasma tends to rise steadily 
during exchange transfusion. 


To date the literature appears to contain no quantitative data on the effect 
of intravenously injected citrate on the actual calcium ion concentration of 
the blood. The present study was undertaken to ascertain, (a) the rate at 
which calcium ions are replaced after having been removed by injected citrate, 
and (0) the capacity of the rabbit to cope with repeated doses of citrate. 


Experimental 
Effect of a Small Dose of Citrate 


A control blood sample was withdrawn from the ear vein of a 3.0 kgm. 
rabbit. One ml. of a 15% solution of sodium citrate (dihydrate) was injected 
intravenously by way of the ear vein, and after an interval of five minutes, the 
dose was repeated. No physiologic sign of toxicity was observed. Seven 
minutes after the second injection another blood sample was collected and 
the serum was analyzed for total calcium by the procedure of de Louriero and 
Janz (16), for ionized calcium by the frog heart method of Hastings et a/. (9), 
and for citric acid by a colorimetric method developed by the authors (28). 
The effect on the calcium and citrate concentration of the serum is illustrated 
in Table I. 

TABLE I 


EFFECT OF A SMALL DOSE OF SODIUM CITRATE ON THE SERUM CALCIUM 


Control specimen 4.2 1.6 0.22 
Final specimen— 
7 min. after the second injection 4.1 1.6 0.53 


In the estimation of calcium ions, although the contractional response of 
the frog heart was found to be increased with increasing calcium ion concen- 
tration within the range 0.4 to 1.2 mM. per liter, as illustrated in Fig. 1, the 
contraction elicited by the latter concentration was nearly maximal. It will 
be observed in Fig. 2 that the contractions produced by still higher amounts 
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up to 1.6 mM. of Ca** per liter did not differ greatly. The maximum 
amplitude may vary considerably with different heart preparations. In this 
particular experiment both the control serum and that from the blood sample 
taken seven minutes after the injection produced an equal response, but it was 
slightly greater than that obtained with a standard solution of calcium 
chloride containing 1.6 mM. Ca** per liter (See Fig. 3). 

It is significant that the total serum calcium remained unchanged while the 
citric acid concentration was more than doubled. 

It is evident, therefore, that the slow injection, intravenously of 300 mgm. 
of sodium citrate into a large rabbit (3 kgm.) did not cause an appreciable 
reduction in the ionized calcium of the blood plasma. 


Effect of a Toxic Dose of Sodium Citrate 


A single, rapid injection of 2 ml. of a 15% solution of sodium citrate was 
given by the ear vein to a large rabbit (3.3 kgm.). Immediately following the 
injection the animal showed signs of acute hypocalcaemia and suffered a 
convulsive seizure. Within five minutes, however, it appeared to have made 
a complete recovery. 

TABLE II 


EFFECT OF A TOXIC DOSE OF SODIUM CITRATE 


Total calcium, |Ionized calcium,| Citric acid, 
Sample of serum mM. /l. mM./l. mM. /l. 
Control 4.4 ca. 1.5 0.25 


During the experiment blood samples were taken by cardiac puncture 
immediately prior to the injection of citrate and after the convulsions ceased. 
It will be observed in Table II that the calcium ion level in the control sample 


Fic. 1. Response of the frog heart to various concentrations of calcium ions in the 
perfusion fluid. 


(a) 1.2 millimoles Ca** per liter. 
(6) 1.0 mM. per liter. 
(c) 0.8 mM. per liter. 
(d) 0.6 mM. per liter. 


Fic. 2. Response of the frog heart to various concentrations of calcium ions in the 
perfusion fluid. 


(a) and (b) Response obtained with undiluted serum from blood sample taken prior to 
injection of citrate. 


(c) Response with undiluted serum from sample taken immediately after the injection 
of citrate. 


(d) Response with a calcium solution containing 1.6 mM. Cat** per liter. 


Norte: Even the undiluted serum had a Ca** concentration greater than the upper limit 
of the sensitivity of this heart preparation. 
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Fic. 5. Response of frog heart to serum from blood sample taken from rabbit after 
death from a lethal injection of sodium citrate. 


(a) and (d) Response with standard solution of calcium salt containing 1.2 mM. Ca*+ 
per liter. 

(b) Response with postmortem serum sample four times diluted with a suitable 
calcium-free solution. | 

(c) Response with undiluted postmortem sample of serum. 


PLATE IV 
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of serum was found to be between 1.4 and 1.6 mM. per liter. As indicated 
in Fig. 4, the concentration, immediately after recovery, was somewhat lower 
(ca. 1.2 mM. per liter). 

It is evident that the restoration of the calcium ions of the serum after 
injection of citrate was very rapid and that the concentration was restored 
nearly to normal within a few minutes. 


Effect of a Lethal Dose of Sodium Citrate on the Serum Ionized Calcium 

To study the effect of a lethal dose of citrate, 1.4 ml. of a 30% solution of 
sodium citrate was injected rapidly into the ear vein of a large rabbit (3.5 
kgm.). The animal immediately showed signs of severe hypocalcaemia and 
died in convulsions within five minutes. 

A control sample of blood was taken from the animal by cardiac puncture 
prior to the injection of citrate, and another sample was collected by severing 
the blood vessels of the neck immediately after death. To facilitate com- 
parison of the two samples, aliquots of the serum from each were diluted 
twice and four times, respectively, with the calcium-free “‘basic solution’’ of 
Hastings et al. (9). Since the equilibrium between the calcium and protein of 
the serum is disturbed when the latter is diluted, it was not possible to 
ascertain the true concentration of ionized calcium in the original sample. 


It will be observed in Fig. 5 that the response of the frog heart to the serum 
from the postmortem blood sample was very feeble, and that the degree of 
inhibition was greater with the undiluted serum than in the four-times diluted 
sample. 


Rate of Clearance of Citrate from the Circulation 


After removing a sample of blood from the ear, sodium citrate solution was 
injected into the ear vein and, thereafter, blood samples were removed periodi- 
cally for estimation of the citrate. 

As indicated in Fig. 6 the level of citrate in the serum of all the animals 
fell rapidly after the injection and returned to the normal range within 90 to 
120 min. The curves are similar to those obtained in the cat and the rabbit 
by Martensson (19), who used an enzymic method for estimating the citrate. 


Clearance of Citrate on Repeated Injection 


It is evident that the rabbit is capable of disposing of single large doses of 
sodium citrate very rapidly. To determine the tolerance to repeated smaller 
doses, nontoxic amounts of sodium citrate solution were injected at half-hour 
intervals. A control blood sample was taken at the start, and, thereafter, a 
sample was taken five minutes before and after each injection. 

Figs. 7-11 illustrate the rate of clearance of citrate from the blood after 
repeated intravenous injection of various amounts of 15% solution of sodium 
citrate. In Fig. 7 it will be observed that an initial injection of 1 ml. of 15% 
sodium citrate, followed by repeated injections of 0.25 ml. of the solution 
showed no indication of impairment of the normal mechanism for the elimina- 
tion of the citrate. Giving repeated doses of 0.5 ml. at 30 min. intervals 
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apparently approached the limit of the citrate-removing capacity of the rabbit 
since, as illustrated in Fig. 8, each dose raised the level of citrate in the serum 
to about 16 mgm. %. The magnitude of the fall in the serum citrate in the 


20 min. interval between doses was fairly uniform and amounted to an average 
of 4.25 + 0.62 mgm. %. 
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Fic. 6. Elimination of citrate from the circulation after intravenous injection of 
sodium citrate. 
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In Fig. 9 it will be observed that the injection of four doses of 1 ml. of 15% 
sodium citrate at intervals of 30 min. into a rabbit weighing 3.9 kgm. caused 
an accumulation of citrate in the blood. This rate of injection, therefore, 


S a 
t t t t t 
05 OS Os 0.5 0.5 0.5 0.5 ML. DOSE 
30 7 30 720 750 760 20-240 
MINUTES 


—— 8. Effect of repeated doses of sodium citrate on the clearance of citrate from the 


must have exceeded the capacity to dispose of the citrate, and when the level 
reached about 25 mgm.% the animal suffered convulsions and died within a 
few minutes. On repeating the experiment with a larger animal (4.6 kgm.), 
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| deg 9. Effect of repeated doses of sodium citrate on the clearance of citrate from the 


. the progressive increase in the citrate concentration of the serum again was 
\ observed (see Fig. 10), but in this case the level did not become sufficiently 
high to produce any sign of toxicity. 


Fig. 11 illustrates another experiment in which a large rabbit (4.0 kgm.) was 
starved for 20 hr. and then given a series of fairly large injections of sodium 
citrate (15% solution). It will be observed that the fasting level of citrate in 
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the blood was low (2.0 mgm.%) compared with that of the unfasted animal 
(usually 4-7 mgm.%). It is interesting that the animal apparently disposed 
of the citrate even more easily than the larger and fed animal in a previous 
experiment (see Fig. 10). The injection of 1.0 ml. of the solution, at 30 min. 
intervals, appears to have come close to the upper limit of the animal’s meta- 


bolic capacity for handling citrate. 
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Fic. 10. Effect of repeated doses of sodium citrate on the clearance of citrate from the 
blood. 
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— 11. Effect of repeated doses of sodium citrate on the clearance of citrate from the 


Discussion 


The results of our study on the rabbit corroborate what may be inferred 
from the long and successful clinical use of sodium citrate in blood transfusion, 
namely, that the body has very efficient mechanisms for disposing of citrate 
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and for maintaining the calcium ion concentration of the blood. As long as 
these mechanisms are not overtaxed they are capable of handling repeated 
injections of citrate with unimpaired efficiency over a long period of time. 
When citrate is injected rapidly in small doses the ionized calcium of the 
plasma is depressed only momentarily, and the release of calcium ions from 
the plasma protein is so rapid that it is impossible to obtain a blood specimen 
quickly enough to demonstrate any change in the calcium ion concentration. 


The capacity of the animal, or human, to metabolize and clear citrate may be 
impaired in severe hepatic and renal disease. Even under these conditions, 
however, it is necessary to administer blood or plasma at an unusually rapid 
rate in order to produce signs of calcium ion deficiency. In the absence of 
extreme hepatic or renal impairment, even the rapid administration of citrated 
blood is well tolerated by the adult as far as the citrate is concerned. 


The danger of overtaxing the citrate-handling mechanisms of the infant, 
particularly in exchange transfusions in the newborn, is now widely appre- 
ciated. By the administration of calcium gluconate periodically during the 
operation, the difficulties encountered in former years have largely been 
eliminated. 


Inadvertencies sometimes have given rise to difficulties from citrate over- 
dosage. An instance is known to the authors, for example, where 100 ml., 
or less, of blood was collected in a standard bottle containing a quantity of 
citrate intended for 500 ml. of blood. The use of the sample in an exchange 
transfusion caused a serious reaction. 


The maximum tolerance for citrate in rabbits of comparable body weight 
varies considerably from one animal to another. This is true also for the dog, 
and presumably holds for the human as well. The tolerance depends on the 
volume of blood, i.e. the calcium ion ‘buffering’ capacity of the plasma proteins, 
and the capacity of the various tissues to metabolize or remove the citrate. 
This capacity is very large compared to the small excess of free citrate in 
properly citrated blood; and thus the citrate is quickly ‘neutralized’ by release 
of calcium ions from the recipient’s plasma. 


Citrate, being a normal metabolite, is to be preferred to any foreign and 
nonutilizable substance, as an anticoagulant for blood transfusion. 


Summary 


The effect of intravenously injected citrate solution, in various amounts 
and at different rates of administration, on the calcium ion concentration of 
the plasma was studied in the rabbit. The concentration of calcium ions was 
measured by means of the frog heart preparation. The rabbit is capable of 
rapidly clearing and disposing of large amounts of citrate. No effect on the 
calcium ion concentration of the blood could be demonstrated except when a 
concentrated solution of citrate was injected sufficiently rapidly to produce 
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convulsions. Even under these conditions the calcium ion concentration in 
the blood was rapidly restored and usually a complete recovery was made 
within five minutes. Citrate is readily utilizable in the body. 
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A STUDY OF THE EFFECT OF COLD ON JOINT 
TEMPERATURE AND MOBILITY! 


By Joun HUNTER AND M. G. WHILLANS 


Abstract 


Exposure to zero and subzero ambient temperatures results in a significant 
fall in joint temperature, where the knee joint of the cat was used as test object. 
The fall in rectal, muscle, and ‘‘average” skin temperatures for similar exposures 


is considerably less. Low joint temperature is associated with increased joint 
stiffness, 


Introduction 


When the hands are exposed to severe cold, especially when immersed in 
cold fluids or when cold objects are being handled, the finger joints may become 
so “‘stiff’’ that the hands become almost useless. Lesser degrees of stiffness 
may significantly impair dexterity. The military significance of such impair- 
ment is obvious. It is not clear how much of this joint stiffness is the result 
of a local change in the physical state of the tissues or how much is due to 
muscle spasm accompanying pain or whether it is a combination of both 
factors. It is generally believed that individuals who are accustomed to 
working in the cold with bare or lightly protected hands are able to work 
longer than individuals who have no such conditioning. To appreciate more 
fully the net effect of cold on joints it was decided to assess separately some 
of the factors which may cause loss of flexibility of joints. By this approach 
it is hoped that ultimately direct physical and chemical measurements will 
permit evaluation of any changes in joints resulting from an altered environ- 
ment. Information of this kind should indicate the nature and extent of any 
necessary countermeasures. 


Materials and Methods 


In this investigation male and female cats weighing from 4 to 9 lb. were 
used as the experimental animal. In most instances these were anaesthetized 
with pentobarbital sodium (28.5 mgm. per kgm. intraperitoneally) but in two 
animals local anaesthesia of the joint region with Scurocaine was used. The 
experiments were carried out on the knee joint. This is a simple diarthrodial 
joint of convenient size for operative procedures. The joint temperatures in 
one study of 11 cats were recorded by means of iron-constantan, 0.0175 in. 
(27 gauge) thermocouples and a Brown potentiometer. Thermocouples were 
inserted into the joint through a small (1 cm.) incision parallel to the lateral 
border of the patellar ligament with slight displacement of the infrapatellar 
fat pad. The registered temperature was that of the mid interarticular 
region of the joint. Skin temperatures were similarly recorded from the 


1 Manuscript received May 23, 1951. 


Contribution from the Physiology Section, Defence Research Medical Laboratories, Toronto, 
Ont. This work was reported to the Canadian Physiological Society, October 1950, and to the 
American Physiological Society, March 1951. 
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umbilical area and the medial aspects of both right and left thighs. Three 
readings were taken from each region and the average of the nine readings 
was taken as “‘average’’ skin temperature. In addition to these measurements 
local skin temperature over the contralateral knee was also recorded in two 
animals. Muscle temperature was recorded from the muscles of the thigh. 
The highest of a set of three readings was taken to represent muscle tempera- 
ture. Body temperature was obtained by means of a rectal thermometer. The 
foregoing measurements were made at room temperature and after a 10 min. 
exposure to cold at approximately 32° F. This was followed immediately by 
a second 10 min. exposure at a considerably lower temperature, at the end 
of which time the temperature measurements were repeated. After an 
interval for recovery the procedure was repeated using 20 min. periods of 
exposure. With one animal a 20 min. exposure preceded a 10 min. one. In 
the two cats with local anaesthesia of the joint a study was made of the 
period of recovery following exposure. 


CLAMP ON FEMUR 


MUSCLES AROUND 
KNEE GUT 
NEEDLE POINT 
Y sKin BEARING 
Y 2] ~ suTURED WORM GEAR 
fy 
ax 
oc. \ CONTACT 
MILLIAMME TER copper 
PLATE 
B 
CUT MUSCLE 


TO RECORDING INSTRUMENT 
AS SHOWNIN A 


Fic. 1. Experimental arrangement to measure force required to move limb. 


The effect of cold on the stiffness of the knee joint was investigated in 20 
cats. The femur was exposed and clamped securely with the tibia pendant 
at right angles to the femur. In one group of animals, a force was applied to 
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the leg in the direction of extension by means of an instrument consisting of a 
spring connected through suitable linkage to a calibrated dial. This device 
was mounted on a worm gear, which when rotated moved the apparatus away 
from the limb, increasing tension up to the point where the limb just moved. 
With a second group of animals, the recording instrument consisted of needle 
point bearings at each end of a horizontal rod to which a weighted radial arm 
was attached (Fig. 1). Tension was applied through a thread attached to a 
point on the circumference of a grooved disk mounted on the horizontal rod 
either to the heel (Fig. 1A) or through the patellar ligament (Fig. 1B). This 
prevented a change in direction of the applied force with displacement of the 
pendulum. Movement of the radial arm over a calibrated quadrant permitted 
direct measurement of the force applied. As in the first case, the instrument 
was mounted on a worm gear which permitted the gradual application of 
tension. 


A pointed electrical contact on the heel of the limb was brought into contact 
with a copper plate to establish electrical continuity through a d-c. milli- 
ammeter. The slight movement required to break this contact was taken as 
the minimal detectable movement. 


The joint area was shaved and muscle attachments above and below the 
knee were cut, care being taken to avoid gross injury to the popliteal vessels. 
Joint contiguity was maintained by preserving the integrity of the anterior 
and posterior cruciate ligaments. The skin was closed by means of skin clips 
or suture. 


Initial tension measurements were made at room temperature and then at 
five minute intervals on exposure to subzero (° F.) temperatures over periods 
as long as one hour. The joint temperature was measured after an exposure 
of one-half hour. 


Results 


The results obtained from the first study appear in Table I. Of the 
temperatures recorded, joint temperature fell more precipitously than 
temperatures recorded in other parts of the body during exposure to low 
ambient temperatures. Muscle and “average” skin temperatures fell con- 
siderably less than joint temperatures. Local skin temperatures over the 
contralateral knee were approximately equal to or somewhat lower than the 
intrajoint temperatures (Table I, No. 10, No. 11). Rectal temperatures were 
consistently higher than in the other regions measured although they gradually 
fell a few degrees during the course of the experiments. Longer exposure 
reduced the general level of all temperatures, but in every instance the joint 
temperature was the most affected. A reversal of the exposure procedure 
(cat No. 9) produced the same type of result: viz., a pronounced fall in joint 
temperature, further augmented in this case by the second 10 min. exposure. 

Under general anaesthesia the animals gradually became hypothermic. In 
order to observe joint temperature without hypothermia due to the anaesthetic, 
local anaesthesia of the joint was used. Under this condition the fall in joint 
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TABLE I 


INITIAL RECTAL, SKIN, MUSCLE, AND JOINT TEMPERATURES (° F.) AND AFTER 10 AND 20 MIN. 
EXPOSURE TO LOWERED AMBIENT TEMPERATURES (° F.) 
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Av. skin 
temp. 


Muscle temp.| Joint temp. 
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Local skin : 
temp., Exposure, 
Cat No. Room temp. |Rectal temp. oie, 
lateral knee 

1 69.0 94.1 91.1 _ 91.5 88.0 _ 
1 33.8 91.4 81.0 _ 82.5 69.0 10 
1 3.2 88.7 83.5 _ 85.0 68.5 10 
1 68.0 92.3 88.2 _ 87.5 78.5 _ 
1 33.8 91.4 77.3 _— 78.5 58.5 20 
1 -1.3 86.0 78.8 _ 80.5 52.0 20 
2 77.0 100.4 99.2 _ 98.0 94.0 _ 
2 33.8 100.4 91.5 _ 87.0 76.0 10 
2 14.0 98.6 92.0 _ 90.0 76.0 10 
2 78.0 96.8 93.5 _ 92.0 89.0 _ 
2 33.8 98.6 87.3 _ 81.5 73.0 20 
2 12.2 95.0 89.8 _ 85.0 73.5 20 
3 70.0 99.5 94.8 — 93.0 91.0 —_ 
3 32.0 97.7 84.6 _ 84.0 69.5 10 
3 12.2 95.0 91.0 _ 89.0 80.0 10 
3 72.0 90.5 84.0 _- 82.5 82.5 _- 
3 32.0 87.8 72.6 _ 71.0 66.0 20 
3 14.0 83.3 78.0 _ 74.0 67.5 20 
4 79.0 100.4 97.0 _ 94.0 94.5 _ 
4 33.8 96.8 92.3 — 90.0 97.5 10 
+ 5.0 94.1 91.2 _ 82.5 76.5 10 
4 80.0 95.9 90.5 _ 87.5 85.5 - 
a 35.6 95.0 89.2 _- 86.5 79.0 20 
4 —6.8 93.2 89.8 _ 84.5 79.0 20 
5 70.0 95.9 92.0 90.5 88.0 
5 34.0 93.2 89.7 _ 89.5 80.5 10 
5 —2.0 89.6 89.1 _ 86.0 81.0 10 
5 69.0 89.6 81.6 _ 78.5 _- 
5 34.0 86.9 79.1 _ 76.0 20 
5 —-1.0 80.6 78.5 74.0 20 
70.0 96.8 92.5 92.0 

34.0 93.2 90.0 _ 86.5 10 

—2.0 93.2 88.0 _ 88.5 10 

69.0 83.3 73.0 _ 73.5 _ 

34.0 78.8 68.5 _ 69.0 20 

—1.0 72.5 70.0 _ 69.0 20 

70.0 95.0 92.7 92.0 

40.0 95.9 83.7 _ 83.5 20 4 

—4.0 89.6 84.3 _ 82.0 20 

70.0 82.4 77.5 _ 78.0 _ 

41.0 83.3 76.5 _ 76.0 10 

—4.0 84.2 78.8 _ 77.0 10 


HUNTER AND WHILLANS: EFFECT OF COLD ON JOINTS 259 


TABLE I—Concluded 


INITIAL RECTAL, SKIN, MUSCLE, AND JOINT TEMPERATURES (°F.) AND AFTER 10 AND 20 MIN. 
EXPOSURE TO LOWERED AMBIENT TEMPERATURES (° F.)—Concluded 


Local skin 
-| Av. skin temp., Exposure, 
Cat No. Room temp. |Rectal temp cme. “sane Muscle temp.| Joint temp. ois. 
lateral knee 
10 78.0 96.0 93.8 91.5 93.0 92.5 — 
10 42.0 94.0 89.0 80.0 89.5 84.5 10 
10 2.0 90.0 85.0 78.5 84.0 78.0 10 
10 78.0 90.0 83.5 81.5 85.0 85.0 — 
10 42.0 90.0 82.0 79.5 82.0 79.0 20 
10 1.0 85.0 77.0 71.5 75.0 73.0 20 
11 75.0 96.0 88.0 86.0 87.5 84.5 _ 
11 41.0 43.0 85.0 82.5 85.5 82.0 10 
11 1.0 88.0 79.0 74.6 80.0 75.0 10 
il 75.0 86.0 78.0 74.0 79.0 79.5 — 
il 41.0 83.0 77.4 72.0 76.0 73.5 20 
il 1.0 77.0 70.0 62.0 70.5 62.5 20 


temperature for the same procedure was equally pronounced. Two experi- 
ments are illustrated in Figs. 2 and 3. In Fig. 2 a 10 min. exposure at 35° F. 
was followed immediately by a 10 min. exposure at —6° F. and the subsequent 
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Fic. 2. Joint temperatures during a 10 min. exposure at 35° F. followed by a 10 min. 
exposure at — 6° F. with subsequent recovery at 72.5° F. 


recovery period at room temperature. In Fig. 3 the same procedure was 
followed substituting 20 min. exposure periods. It is interesting to note that 
in each case, following the return to room temperature, the joint temperature 
dropped initially several degrees lower than the lowest temperatures recorded 
during the exposure. Recovery was prolonged and over the periods observed 
(35 min. and one hour and a half respectively) the joint temperatures did not 
return to their initial values. After the 20 min. procedure, the rate of recovery 
was much slower than after the shorter exposure. 
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Fic. 3. Joint temperatures during a 20 min. npenat at 35° F. followed by a 20 min. 
exposure at — 6° F. with subsequent recovery at 72.5° F. 


Results obtained in the second study are shown in Table II. It should be 
carefully noted that this study was carried out under distinctly different 
conditions from those prevailing in the study on joint temperature. In this 


TABLE II 


INCREASE IN JOINT STIFFNESS ON EXPOSURE TO COLD 


Exposure Cm. from knee " 
Cat No. Sex he at which force ne F Fi, gm.* | F2, gm.** — 

Min. oF, was applied 
1 F 53 30 - 4 9.5 65 9 25 16 
2 F 5 a 1" 9.5 54 14 20 6 
3 M 7k 9.5 62 8 15 7 
4 M 5 se os 9.5 55 7 19 12 
5 M 7k ™ —10° 2.0 46 28 43 15 
6 F 4} o° 9.5 15 18 3 
7 F 4} a —10° 8.0 _ 20 25 5 
8 M 8 11.0 24 30 6 
9 M 7h §° 9.0 90 122 32 


* F, = force at room temperature. 
** F, = force after exposure lo cold. 


group the joint area was shaved. Some interference with joint blood supply 
was inevitable because of cutting the muscles. Joint temperature measure- 
ments after exposure were recorded in five of these animals. The average 
normal knee joint temperature for the cat is approximately 90° F. and the 
joint temperatures recorded represent, therefore, a substantial drop in 
temperature, consistent with the fall observed in the first study. The 
absolute values observed in these cases should, however, be interpreted 
with due caution in terms of the intact joint temperature. There is a 
consistent increase in the force required to produce movement in the cold 
over that necessary at room temperature, in spite of variations in sex, weight, 
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point of application of the force, and unknown variations in age. Comparison 
from animal to animal is further complicated by the fact that the cats were 
of heterogeneous strain. The increase in force in this group of animals could 
be due to loss in flexibility of the joint capsule and ligaments. 

In a number of experiments the force was applied by traction on the 
patellar ligament (Fig. 1B). The results are shown in Table III. These 


TABLE III 


INCREASE IN FORCE REQUIRED TO PRODUCE MOVEMENT BY TRACTION ON 
PATELLAR LIGAMENT ON EXPOSURE TO ‘COLD 


Exposure 
Cat No.| Sex | We. (Ib.) | Fs, 
1 M 4 30 —14 85 95 12 
2 F 5 30 —13 200 275 37.5 
3 F 4 15 —15 75 100 33 
4 M 5 30 —15 112 250 123 
5 M 93 30 —15 335 630 88 
6 F 6 30 —12 215 260 21 
7 F i 20 —12 225 325 44 
8 M 7 30 —14 150 225 50 
9 M 6 30 —12 255 310 21 
10 F 54 30 —12 200 310 55 
11 F 5} 35 —13 135 300 122 


* F, = force measured at room temperature. 
** F, = force measured after exposure to cold. 


results stand in sharp contrast to those of Table II. Force exerted through 
the patellar ligament is the physiological method for producing movement. 
One fraction of this force produces apposition of the joint surfaces while 
another component produces movement of the limb. The forces recorded 
include both components. After exposure to cold the large absolute increases 
observed indicate that, in addition to any changes in the flexibility of joint 
capsule and ligaments, there are important increases in frictional forces at the 
surfaces in contact. 


Discussion 


The marked drop in joint temperatures on exposure to cold is interesting 
because no such data are reported in the literature on joints. The muscles 
in their passage over the joint become tendinous and relatively avascular. 
The thickness and the type of tissue around the greater part of the joint 
provide little insulation for the maintenance of temperature. The further 
drop in joint temperature on return to a warm environment (cf. Figs. 2 and 3) 
resembles a similar paradoxical behavior of rectal temperature at the beginning 
of cooling and warming observed and reviewed by Glaser (1). That rectal 
temperature and skin temperature can sometimes move in opposite directions 
has been established by a number of studies. Reflex superficial vasodilatation 
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resulting in a short excessive heat loss could account for the initial fall in 
joint temperature (3). Low joint temperatures are associated with increases 
in the force required to produce movement at the unloaded joint. These 
increases were observed before the introduction of the thermocouple for a 
temperature measurement. With loads these increases are considerably 
higher. Normally the muscular forces acting around a joint serve to force 
the joint together, in effect, loading the joint. Therefore, the increase in 
joint resistance observed in these experiments assumes added physiological 
importance. The possible effects of muscle tension were eliminated by 
severing the muscles bearing over the knee. Under the conditions of these 
experiments, the effects of nervous changes were minimal because the moving 
force was applied directly. 


Although fluid film lubrication is the usual form of lubrication in joints, 
some form of solid friction must occur in the absence of a pressure film (2) as 
would occur during the initial motion from rest. An increase in the viscosity 
or analogous physical change in synovial fluid could necessitate an increase in 
the force required for starting movement at the joint. A decrease in the 
flexibility of the joint capsule and tendons might also be involved. These 
possibilities are now under investigation. 


Conclusions 


1. In the cat, the temperature of the knee joint falls to lower levels than 
rectal, muscle, or ‘‘average’’ skin temperatures, on exposure to a low 
ambient temperature. 


2. Exposure of the knee joint to low ambient temperatures is associated 
with an important increase in the force required to start movement at 
the joint. 
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resulting in a short excessive heat loss could account for the initial fall in 
joint temperature (3). Low joint temperatures are associated with increases 
in the force required to produce movement at the unloaded joint. These 
increases were observed before the introduction of the t.ermocouple for a 
temperature measurement. With loads these increases are considerably 
higher. Normally the muscular forces acting around a joint serve to force 
the joint together, in effect, loading the joint. Therefore, the increase in 
joint resistance observed in these experiments assumes added physiological 
importance. The possible effects of muscle tension were eliminated by 
severing the muscles bearing over the knee. Under the conditions of these 
experiments, the effects of nervous changes were minimal because the moving 
force was applied directly. 

Although fluid film lubrication is the usual form of lubrication in joints, 
some form of solid friction must occur in the absence of a pressure film (2) as 
would occur during the initial motion from rest. An increase in the viscosity 
or analogous physical change in synovial fluid could necessitate an increase in 
the force required for starting movement at the joint. A decrease in the 
flexibility of the joint capsule and tendons might also be involved. These 
possibilities are now under investigation. 


Conclusions 


1. In the cat, the temperature of the knee joint falls to lower levels than 
rectal, muscle, or ‘‘average’’ skin temperatures, on exposure to a low 
ambient temperature. 


2. Exposure of the knee joint to low ambient temperatures is associated 
with an important increase in the force required to start movement at 
the joint. 
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